Recently it has been demonstrated that large phases in softly broken supersymmetric theories are allowed by electric dipole moment constraints, and are motivated in some string models. Here we consider whether large soft phases in the supersymmetry breaking sector may be the dominant (or only) source of all CP violation, and demonstrate that ǫ and ǫ ′ /ǫ can be described. We show that in the presence of large phases the SUSY contribution to the B system can be large and dominant, leading to predictions for b → sγ, sin 2β, and sin 2α. In this framework sin 2β/ sin 2α = −1, and the unitarity triangle does not close.
I. INTRODUCTION
Although the first experimental evidence of CP violation was discovered over thirty years ago in the neutral kaon system [1] , the origin of CP violation in particle physics remains an open question. It seems quite remarkable to imagine that this CP violation is due entirely to physics beyond the Standard Model, yet given our present poor understanding of the origin of CP violation this remains an exciting and well-motivated possibility. In the present paper we shall consider the possibility that all CP violation originates from phases which arise in the low energy minimal supersymmetric standard model (MSSM). We motivate much of our analysis from embedding the MSSM into a particular D-brane model at high energies [2] .
In the Standard Model (SM), all CP violation arises due to a single phase in the CabibboKobayashi-Maskawa (CKM) quark mixing matrix [3] , providing for a highly correlated pattern of CP effects which is testable at current and future experiments. The SM framework of CP violation provides a natural explanation for the small value of the indirect CP violation parameter ǫ in the kaon system (due to the size of the Jarlskog invariant [4] ) and is supported by the recent CDF measurement of sin 2β through the decay B → ψK S [5] . However, the issue of whether the SM prediction is in agreement with the observed value of the direct CP violation parameter ǫ ′ /ǫ recently measured by [6] (confirming the earlier results of [7] ) remains (perhaps permanently) controversial due to significant theoretical uncertainties [8] , and the large value of ǫ ′ /ǫ makes one nervous about whether the SM can fully describe CP violation in the kaon system. More importantly, there is a second CP-violating effect, the baryon asymmetry of the universe. It has been established that the SM cannot provide the amount of CP violation needed to account for the baryon asymmetry [9] . Hence new physics is necessarily required to account for all observed CP violation.
The parametric structure of theories with softly broken supersymmetry (SUSY), which are the best candidates for new physics beyond the SM, includes a number of additional sources of CP violation, which in general can lead to large contributions to CP-violating observables through superpartner exchange. As stated, we shall investigate the possibility of a unified picture of CP violation by adopting the hypothesis that all observed CP violation can be attributed to supersymmetry. For this entire analysis we will assume that the phase of the CKM matrix is zero and establish that this assumption is consistent with phenomenology. The baryon asymmetry is known to be explainable in supersymmetry [10] ; we will apply our approach to the baryon asymmetry in a subsequent paper [11] .
The issue of CP violation in supersymmetric theories is not a new question. Extensive analyses have been performed in the MSSM in the case in which the SM also contributes to CP violation [12, 13] . The possibility that all CP violation might be explained by supersymmetry soft phases was first suggested by Frère and collaborators [14, 15] , and more recently there have been several analyses of fully supersymmetric CP violation scenarios [16, 17] , resulting in the development of a standard folklore in this subject which we will briefly summarize below. To some extent we build on and extend the framework of Frère and Abel [15] .
The CP-violating phases of the MSSM can be classified into two general categories: (i) the flavor-independent phases, such as in the gaugino masses and the µ and Bµ parameters (and in the overall phases of the trilinear scalar couplings A u,d,e ), and (ii) the flavor-dependent phases, such as in the off-diagonal elements of the scalar mass-squared parameters and the A u,d,e matrices. The flavor-independent phases have traditionally been assumed to be small ( < ∼ 10 −2 ) if the sparticle masses are at most O(TeV), as the phases are individually highly constrained by the experimental upper bounds on the electric dipole moments (EDMs) of the electron and neutron [18] [19] [20] , although it has been realised that the EDM constraints are somewhat less constraining for the phases associated with the trilinear parameters. However, a recent reinvestigation of this issue [21, 22] , see also [23] has demonstrated that cancellations between different contributions to the electric dipole moments can allow for regions of parameter space with phases of O(1) and light sparticle masses that satisfy the phenomenological constraints. The cancellations are sufficient if certain relations among the soft breaking parameters hold. Even more encouragingly, we have found a (Type I) stringmotivated model of the soft breaking terms based on embedding the SM on five-branes in which such large phases can be naturally accommodated [2] .
The relaxation of the traditional constraint on the allowed magnitudes of these phases (without assuming ultraheavy masses for the first and second generations) can lead to significant departures in the standard phenomenological results, such as effects due to explicit CP violation in the Higgs sector [24] and in electroweak baryogenesis [11] . Our results demonstrate explicitly that these flavor-independent phases can have important effects on the supersymmetric contributions to CP violation in the K and B systems, both through their explicit presence at the relevant vertices and also through their effects on RGE running [25, 26] .
However, it is well known that flavor-dependent phases must be constrained for general squark mixing matrices in order to avoid overproduction of ∆m K and ǫ and general FCNC problems; the standard lore for these phases is that having satisfied such bounds, the resulting value for ǫ ′ /ǫ is too small [12] . Recent analyses [16, 17] have shown that this conclusion can be avoided either in generalized SUSY models with flavor-dependent phases and/or in the large tan β limit. We will demonstrate explicitly that in the presence of the flavor-independent phases 1 , ǫ ′ /ǫ can be accommodated in the absence of the CKM phase via LR mass insertions (whose size can be heuristically understood) in the low tan β regime solely due to effects of the gluino phase, such that no intrinsically flavor-dependent phases are needed. We shall explain more precisely what is meant by this statement later in the paper. Our approach is consistent with other analyses of the supersymmetric contributions to ǫ ′ /ǫ [16, 17] but somewhat different in detail. In addition to assuming the CKM matrix is real, the crucial feature of our scenario compared to previous work is that all phases in the supersymmetry soft breaking sector, including the flavor-conserving phases, can be large, with the EDM constraints satisfied by cancellations motivated by the underlying theory. We keep tan β general, thus distinguishing our results from other recent work [17] ; however, as there can be new types of contributions to the EDM's [27] which are important for large values of tan β, our results should not necessarily be taken to apply for larger tan β. We will show that this approach can account for not only ǫ, ǫ ′ /ǫ, but also sin 2β, and provides a testable, phenomenologically viable alternative to the SM framework of CP violation with distinctive predictions for the CP asymmetries in B decays, including b → sγ. As the observed CP violation in the neutral meson systems involves flavor-changing processes, the issue of flavor physics must be addressed; this approach suggests a general flavor structure of the squark mass matrices and trilinear couplings, which may provide guidance as to the nature of the underlying flavor theory.
II. FRAMEWORK
In this paper, we consider the supersymmetric contributions to the indirect (∆F = 2) and direct (∆F = 1) CP violation (where F = s, b, c for the K, B, D systems, respectively) assuming a real CKM matrix. In our approach, CP violation in these systems is due to the presence of several phases in the soft supersymmetry breaking Lagrangian. The main ones are the gluino and chargino phases, from the terms
, and the phase of A t which leads to the phase ϕt through the stop mass matrix. The CP-violating and FCNC processes that we consider are presented in Table I 2 . It is well known that in supersymmetric theories generically the matrices which diagonalize the quark mass matrices and those which diagonalize the squark mass matrices are not equivalent due to soft supersymmetry breaking effects, and hence the essential flavor physics of the supersymmetric contributions to FCNC and CP violation is encoded in the 6 × 6 squark diagonalization matrices. In the standard approach, the sfermion mass matrices are expressed in the super-CKM basis, in which the squarks and sleptons are rotated simultaneously along with their fermionic partners. In this basis the sfermion mass matrices are manifestly non-diagonal, and hence the amplitudes still depend on the matrices which rotate the squarks from the SCKM basis into the squark mass eigenstates, which we denote
As shown schematically in Table I , particular processes are sensitive to certain elements of the quark and squark diagonalization matrices. The flavor structure of these matrices thus plays a crucial role in determining the sizes of the SUSY contributions to CP-violation and FCNC. In the down-squark sector, we utilize the mass insertion approximation and the associated (δ ij ) AB parameters (for a further details of this standard approach, we refer the reader to e.g. [12] and references therein). However, in our framework in which the CKM phase is negligibly small (zero in practice), we find that a specific flavor structure (at the electroweak scale) of the Γ SKM matrices in the up-squark sector is required to reproduce the observed CP-violation in the K and B systems. Table I : We list the CP-violating observables in the first column, and the dominant one-loop contributions in our framework to the amplitudes for these processes in the second column (we work in the decoupling limit and thus neglect the charged Higgs). The third column demonstrates schematically the main flavor physics. Basically the δ's are elements of the (down) squark mass matrices normalized to some common squark mass, and theK's are super-CKM-like matrices (related to the Γ U matrices defined in the text). Subscripts label flavor or chirality. The table is designed to demonstrate symbolically which observables are related (or not) to others. (More technically, the squark mass matrices are expressed in the super-CKM basis, in which the squarks are rotated by the same matrices which diagonalize the quarks. In the down-squark sector, we utilize the (δ ij ) AB parameters of the mass insertion approximation (in which i, j denote family indices and A, B denote helicity indices). We use a slightly non-standard but more transparent notation for the flavor indices as d, s rather than the usual 1, 2 labels.K ij labels the flavor factors entering at the vertices of the loop diagrams involving up-type squarks. These factors are given by products of entries of the up-squark mass matrices and entries of the CKM matrix due to the quark rotations. Note also that the explicit flavor factors which enter in the b → sγ and the nEDM amplitudes involve right-handed quarks on the external lines, and hence are different from theK matrices discussed below, but the flavor structure is similar (a similar statement holds for the flavor factors which enter in D −D mixing).
The required form of the Γ SKM U L,R is as follows:
where λ ′ < ∼ λ ≡ sin θ c , θ denotes the stop mixing parameter, ϕt is a phase associated with the stop mixing parameter, and entries of O(λ 2 ) are neglected. Note that the mixing in the LL sector is enhanced as compared to that of the Standard Model, while in the RR sector it is negligible (this is easily seen by setting θ = 0 to factor out the stop mixing). However, as the squarks get mass both from the Higgs mechanism and from SUSY breaking, it would be surprising if the off-diagonal elements of the diagonalization matrices were the same for the squarks and for the quarks, though presumably it is likely that the off-diagonal elements are smaller than the diagonal ones. Note that the corresponding soft breaking Lagrangian at the high scale cannot be determined uniquely from (1) and (2) . Encouragingly, we find that the above Γ's can result solely from large flavor violation in the A-terms at high energies; this scenario will be discussed in detail in a subsequent paper [26] .
III. RESULTS
Let us estimate the supersymmetric contributions to the observables in Table I . We assume that the up squarks (except for the lightest stop) and down squarks are sufficiently degenerate in mass. Due to the super-GIM mechanism, we may retain only the light stop contribution to all observables except for ǫ and ǫ ′ (for which the first two generation squarks give the leading contribution). We focus on the low tan β regime, and hence we also neglect all but top quark masses unless the other fermion masses give leading contributions.
We will separate the stop left-right mixing from the intergenerational mixing; this allows us to introduce the supersymmetric analogs of the CKM matrix in the left-handed and right-handed sectors separately. In accordance with the chosen form of the Γ ′ s, we takẽ K L ij ∼ λ/3 andK R ij ∼ 0 for i = j. Both of these matrices are real, as the only source of CP-violating phases in the Γ ′ s is the stop mixing. In our order-of-magnitude estimates, we further assume maximal chargino and stop mixings, and the following typical values of the parameters: mt ∼ 140 GeV, mχ ∼ 100 GeV, mq ∼ mg ∼ 350 GeV, and A ∼ 250 GeV. We have found that the approximate relations given below for the size of the supersymmetric contributions agree within better than an order of magnitude with the results obtained numerically, which will be presented in detail in [26] .
Let us first turn to the discussion of ǫ and ǫ ′ . In this paper, we study the impact of the flavor-independent CP-violating phases such as the phases in the gaugino mass terms, µ term, and an overall phase of the A-terms. As a result of the boundary conditions at the high scale, the LL and RR mass insertions are real to a very good degree; their phases are produced effectively at the two-loop level (see RGE's in [13] ) and are negligible. On the other hand, the LR mass insertions contain O(1) CP-violating phases and thus may lead to significant effects. The LR insertions originate from the A terms which are not necessarily diagonal in the super-CKM basis. For example, in agreement with [16] we find that a natural value for (δ 12 ) LR is
for A 12 /A ∼ λ. Our numerical studies show that (δ 12 ) LR of this size and O(1) CP-violating phase are required to saturate both ǫ and ǫ ′ , in agreement with [16] . We emphasize that the LR insertion always occurs in combination with the gluino phase due to reparameterization invariance, and hence the physical combination of phases that appears in CP violating quantities is (δ 12 ) LR e iφ 3 . The gluino phase (which can be arbitrarily large) has generally been neglected in earlier work. Since in our approach O(1) phases in both the gluino mass parameter term and the A terms are allowed, the observed values of ǫ and ǫ ′ can be easily reproduced.
Note that it is the gluino contribution which is responsible for ǫ and ǫ ′ . The leading chargino contribution is CP-conserving, as can be seen from the relation
in which we recall thatK L,R are real matrices. V and T denote the standard chargino and stop mixing matrices, respectively. The above contribution gives rise to ∆m K ∼ 10 −16 GeV, an order of magnitude below the experimental value. Since the first two generation squarks do not contribute significantly to ∆m K as explained above, K −K mixing is dominated by the Standard Model contribution.
In the case of a real CKM matrix, the SM tree diagrams for B decays are manifestly real, and there is negligible interference between the superpenguin diagrams since the latter are suppressed by heavy squark propagators and loop factors. Therefore the B system is essentially superweak, with all CP violation due to mixing. In contrast to the case of K −K mixing, B −B mixing is dominated by the chargino contribution:
The corresponding ∆m B is of order 10 −13 GeV, which is roughly the observed value. From (5), we note that the mixing phase can be as large as π/2 if O(1) phases are present in V and T . This allows a large CP asymmetry in B → ψK s and B → π + π − due solely to supersymmetric CP violation. The SM contribution to ∆m B is significantly smaller since the CKM orthogonality condition forces V td to take its smallest allowed value. The CPviolating gluino contribution requires two LR mass insertions and, as a result, is suppressed by (m b /m) 2 . Similar considerations remain valid for B s −B s mixing although the mixing phase is generally smaller than that in B d −B d due to a significant CP-conserving SM contribution.
As in our approach the CP asymmetries and CKM entries are not related (since CP violation and quark mixing have different origins), it is fruitful to define sin 2β and sin 2α in terms of the above asymmetries and sin 2γ can be defined in terms of the CP asymmetry in B s → ρK s ; the "unitarity triangle" given in this way need not sum to 180 0 as in the SM [29, 30] . As stated above, our results demonstrate that the chargino contribution alone is sufficient to account for the observed value of sin 2β reported in the CDF preliminary results [5] . In Fig. 1 we show contour plots of both sin 2β and ∆m B in the ϕt-ϕ µ plane for the particular choice of parameters λ ′ = 0.23, and θ = π/5. Contours of sin 2β and ∆m B for λ ′ = 0.23, and θ = π/5. In our approach both quantities originate from the SUSY contribution involving the chargino and the lightest stop; the SM contribution to ∆m B is suppressed since the CKM orthogonality condition forces |V td | ∼ 0.005, and there is no SM contribution to sin 2β as the CKM phase is (by assumption) zero. The absolute value of sin 2β can be as large as 0.78 for this choice of parameters; it can be larger for other parameter sets. Its sign depends on the sign of the stop mixing angle θ.
In addition, there is an important relation between the CP-asymmetries in B → ψK s and B → π + π − :
this relation is a hallmark of a real CKM matrix (as pointed out previously in the context of different models by [32, 33] ) plus negligible direct CP violation in the B system. This relation cannot be accommodated in the SM, as can be seen using the "sin" relation:
for us the LHS implies |V ub |/|V cb sin θ c | = 1, while the experimental upper bound on the RHS is 0.45 [31] , thus verifying explicitly the nonclosure of the unitarity triangle. Another important observable in the B system that receives a contribution from CP violation in the stop sector is the b → sγ CP asymmetry A CP (b → sγ). The dominant contribution is due to mixing between the magnetic penguin operator Wilson coefficients C 7 and C 8 [35] 
Both C 7 and C 8 receive real SM and charged Higgs contributions, and hence the SUSY contribution from the chargino-stop loop has to compete with them while at the same time the experimental limits on BR(b → sγ) have to be respected. As a result, large values of A CP (b → sγ) usually imply branching ratios further away from the experimental central value. Typical results still predict asymmetries of order several percent and therefore larger than the SM prediction; larger asymmetries may be possible in some regions of parameter space.
It is important to check that the enhanced super-CKM mixing does not lead to an overproduction of D −D mixing. Since the chargino contribution is subject to strong GIM cancellations, the leading contribution is given by the gluino-stop loop:
whereL has roughly the same form asK, and is also real. Clearly this contribution conserves CP. The consequent ∆m D is of order 10 −14 GeV which corresponds to x = (∆m/Γ) D 0 between 10 −3 and 10 −2 . This is the range of the SM predictions for x and is consistent with the recent CLEO measurements [36] .
We now briefly mention another interesting observable, the CP violating decay K L → π 0 νν. In the Standard Model, this decay provides an alternate way to determine sin β [37] . The decay proceeds through a CP-violating Zds effective vertex. Following the definitions of [38] , we find that the dominant supersymmetric contribution to the Zds vertex is given by the chargino-stop loop:
This contribution conserves CP, and thus CP can only be broken through operators suppressed by the quark masses in analogy with the ǫ and ǫ ′ analyses. Thus, there is no significant CP-violation in this decay; we expect the branching ratio K L → π 0 νν/K + → π + νν to be O(ǫ). This clearly violates the SM relation between the CP asymmetry in B → ψK s and the branching ratio of K L → π 0 νν. However, the CP-conserving (charged) mode of this decay is dominated by the SM and chargino contributions. Typically we expect Zt ds to be of order 10 −4 which translates into the branching ratio for K + → π + νν of the order of 10 −10 . We also find that, in certain regions of the parameter space, this branching ratio can be significantly enhanced (up to an order of magnitude) over the SM prediction.
IV. CONCLUDING REMARKS
We can summarize the view of CP violation we are led to as follows. CP violation in the kaon system is mainly due to the gluino-squark diagrams, with phases from the gluino mass M 3 and the trilinear coupling A. In our approach the natural explanation in the SM of the size of ǫ in terms of the Jarlskog invariant is lost; however, we find that the parameter responsible for the relevant supersymmetric contribution is of the order sin θ c m s /m ∼ few ×10 −4 and yields a value of ǫ of about the right magnitude, thus providing an alternative natural explanation for the size of CP violation in the K system. ǫ ′ /ǫ is naturally of order few ×10 −3 . The ∆I = 1/2 enhancement of certain chiralities is important in determining which diagrams dominate. The B system is essentially superweak: CP violation occurs mainly due to mixing. Therefore the unitarity triangle does not close, and we expect sin 2β/ sin 2α ≃ −1. ∆m K is dominated by the SM contribution, while ∆m B is dominated by the chargino-stop contribution. K + → π + νν can be enhanced while K L → πνν is suppressed compared to the SM predictions. D −D mixing is expected to occur at a level somewhat below the current limit. The CP asymmetry in b → sγ can be considerably enhanced over its SM value. In our approach, the electric dipole moments of the electron and neutron are suppressed by cancellations and should have values near the current limits, while ǫ ′ has no cancellations. (In the SM, the EDM's are tiny because of symmetry and GIM cancellations, and ǫ ′ is suppressed due to the strong cancellation between the strong and electroweak penguins.) Since we have large phases in the chargino and stop interactions, we can naturally obtain a larger baryon asymmetry at the electroweak transition than occurs in other analyses, so other conditions (such as constraints on the stop and Higgs masses) are not as strong within our approach. Our approach also dictates an interesting flavor structure for the squark mass matrices at low energies; we are currently investigating the connection of these phenomenological electroweak scale matrices to the flavor structure of a basic theory at high energies [26] .
It is worth noting that our approach could have already failed regardless of the uncertainty in a number of parameters. For example, it could have failed to give sin 2β ≃ 1, and it could have failed to satisfy the FCNC constraints. If contributions arising from trilinear couplings were not proportional to the associated Yukawa couplings several results would not work, such as the EDM cancellations, and the predictions for ǫ and ǫ ′ /ǫ. In addition, it could have given too large a branching ratio for b → sγ, or D −D mixing above the current limit.
Since the soft phases, couplings, flavor structure, and masses of the superpartners are not yet measured, we cannot presently argue that this is indeed how the world is, and many of our calculations are only semi-quantitative. If this approach is right, CP is broken spontaneously due to the vacuum expectation values of some scalar fields of string theory (moduli fields). The phases of the supersymmetry Lagrangian originate from one or a few such moduli VEV phases. The magnitudes of the phases can be measured in a variety of ways in superpartner interactions [39] , leading to a variety of eventual tests for this approach. We have also given several tests for the B factory experiments; most dramatically, regardless of any parameter values all CP violation in the B system must be due to B −B mixing. Our approach provides a testable framework based on a unified view of all CP violation, tying its origin to fundamental CP-violating parameters.
